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Abstract
In this paper we present the design, simulation, and proof
of principle results of an optimization based adaptive feed-
forward algorithm for beam-loading compensation in a high
impedance room temperature cavity. We begin with an
overview of prior developments in beam loading compen-
sation. Then we discuss different techniques for adaptive
beam loading compensation and why the use of Newton’s
Method is of interest for this application. This is followed by
simulation and initial experimental results of this method.
INTRODUCTION
For modern accelerators, precise control over the ampli-
tude and phase of RF cavities is necessary. In both linear
and circular accelerators, beam-loading presents a signifi-
cant challenge for achieving this control, especially at higher
beam intensities [1–4]. Low Level RF (LLRF) feedback
is capable of greatly reducing the overall impact of beam-
loading [5,6], and additional work has been done to improve
feedback systems specifically targeted at beam-loading com-
pensation [7–10]. However, the arrival of the beam produces
a transient in the cavity that cannot be completely mitigated
with feedback alone. As a result of the initial transient,
bunches at the beginning of the beam pulse will not see the
proper amplitude and phase of RF specified by the machine
design.
Some work has been done to reduce the impact of beam
loading by changing the nature of the disturbance through
modulation of the beam pulse train [11] or detuning of the
RF cavity [12]. While effective, detuning the cavity does not
completely mitigate the beam-loading transient, and chang-
ing the nature of the pulse train is not optimal for a linear
accelerator with tight requirements on the beam parame-
ters. Feed-forward schemes [13,14] are attractive because
in principle they can completely mitigate the beam loading
disturbance from the RF cavity. There has been some devel-
opment in this area, including the use of beam diagnostics
to estimate the beam loading seen by the cavities and then
use this information to apply the appropriate feed-forward
correction during the RF pulse [15, 16]. The use of exter-
nal diagnostics however, is not as reliable as an adaptive
feed-forward algorithm within the LLRF system. These
methods seek to minimize the beam-loading disturbance
through iterative adjustment of the feed-forward correction
based on the measured error between the cavity field and
∗ Now at RadiaSoft LLC, Boulder, CO, jedelen@radiasoft.org
† The authors of this work grant the arXiv.org and LLRF Workshop’s
International Organizing Committee a non-exclusive and irrevocable
license to distribute the article, and certify that they have the right to grant
this license.
set-point [17–20]. The adaptive algorithms tend to be com-
putationally simple and can easily be implemented on either
the LLRF microprocessor or on a FPGA. One drawback of
this method is that the iteration process generally requires a
finite number of pulses to converge, resulting in some beam
pulses being out of tolerance while the algorithm is converg-
ing. In an effort to minimize the number of pulses needed to
reduce the beam loading disturbance, we investigate the use
of Newton’s method in an adaptive feed-forward algorithm.
In this paper we will show the design, simulation, and
proof-of-principle experimental results for this algorithm
applied to a high-impedance bunching cavity currently in
place in the the Proton Improvement Plan II injector test
(PI-Test) linear accelerator. We will begin with an overview
of the bunching cavity and characterization of the effects of
beam loading in the cavity. We then introduce an adaptive
controller that utilizes Newton’s method in order to minimize
the beam-loading disturbance and show our experimental
results.
OVERVIEW OF THE BUNCHING CAVITY
The proposed upgrade to the Fermilab accelerator com-
plex referred to as PIP-II is currently under development in
order to meet the requirements for the next generation of
neutrino experiments [21]. In order to assess the feasibility
of this objective and address the technical gaps in current
accelerator technology, the PIP-II injector test [22] is be-
ing commissioned. The warm front-end of the injector test
contains four normal-conducting RF cavities, an RFQ that
focuses the beam and accelerates it to 2.1 MeV, and three
bunching cavities to provide additional longitudinal focusing.
The bunching cavities are room-temperature quarter-wave
resonators with a design frequency of 162.5 MHz. Currently,
one bunching cavity is in place in the beam-line. This cavity
has a QL of 5280 and an operating voltage of 85 kV. Ta-
ble 1 shows the figures of merit for the bunching cavity, as
measured during its initial check-out and conditioning [23].
Table 1: Figures of merit for the PI-Test bunching cavity
Figure of merit Value
f0 162.5 [MHz]
QL 5280
β 0.9
Rs 7MΩ
T 0.675
∆ f0/∆TH2O -1.65 [kHz/oF]
∆ f0/∆Prf -9.5 [kHz/kW]
∆TH2O ±2oF
Vcavity 85 kV
Epeak 1.65 MV/m
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The ion source for PI-Test is designed to produce up to
10 mA of beam current, with a nominal output of 5 mA.
This results in a beam-induced voltage in the cavity of 24 kV
and 12 kV respectively. Because of the relatively high beam
voltage relative to the cavity voltage, the cavities are subject
to heavy beam loading. Under normal operating conditions,
the beam phase relative to the RF is -90◦, therefore the beam
loading on the cavity is seen primarily as a phase disturbance.
For a 5-mA beam the phase disturbance is 7.9◦, as shown in
Figure 1.
Figure 1: Phasor diagram of beam-loading disturbance for
nominal current with no detuning. Note that because the
beam is H-, we have a positive kick in the phase.
The feedback system will compensate for a large portion
of this disturbance; however during the first 20µs of beam
there will be an uncompensated transient in the cavity. This
transient impedes the cavities ability to properly focus the
beam and introduces unwanted energy gain during the first
20 µs of beam.
ADAPTIVE FEED-FORWARD
ALGORITHM
For a linear system Newton’s method is guaranteed con-
vergence in two iterations [26]. Because beam loading for an
ideal beam is linear, Newton’s method represents the fastest
possible means for optimizing the beam-loading compen-
sation. The choice of objective function is important for
any optimization problem, and for the bunching cavity we
choose to minimize the integrated in-phase and quadrature
disturbances seen by the LLRF system, Equation 1.
f (An) =
∫ tstop
t0
(Vcav(t) − Vset (t))dt (1)
Through the application of Newton’s method we can de-
termine the needed feed forward correction An as a function
of the integrated disturbance, f (An), and the step size ∆An,
Equation 2.
An+1 = An − f (An)∆Anf (An + ∆An) − f (An) (2)
Here An is the feed-forward compensation at the nth it-
eration, ∆An is the iteration step used to compute the local
slope, and f (An) is the integrated error for either the in-
phase or quadrature signal along the RF pulse. In order
to determine the stability of the algorithm, we invoke the
bounded-input bounded-output stability criteria [27]. For
Equation 2 to have an unbounded output either the numerator
must have some exponential growth term or the denominator
must go to zero. If the integrated disturbance (Equation 5)
is bounded then the numerator in Equation 6 must also be
bounded. Therefore the stability of Equation 1 is satisfied
by the requirement that the LLRF feedback system be stable
and that the step size be greater than zero. Because these
two criteria are necessarily satisfied, we can assert that this
algorithm is stable.
Using a base-band model of the LLRF system, we can sim-
ulate the performance of the algorithm using changes in the
beam phase as the disturbance that triggers the optimization
routine. This is representative of the phase scans performed
during beam characterization and machine tune-up. Figure
2 shows the results of the simulated phase scan.
Figure 2: Blue is the output of the optimization routine and
red is the beam phase. The algorithm is initialized with no
compensation.
Here we see that after the phase of the beam changes,
the algorithm is triggered to re-optimize the beam-loading
compensation. For each change in phase the beam-loading
compensation converges in the aforementioned minimum
number of steps. For the purposes of this simulation the
time scale assumes that the RF pulses occur at a repetition
rate of 10Hz.
IMPLEMENTATION ON THE LLRF
FRONT-END
The algorithm was implemented on the LLRF front-end
controller in order to test its performance on the machine.
The controller is a VME 5500 board running VXWorks 6.4
with a data acquisition cycle rate of 10 Hz. Because this
particular controller is interfacing with two FPGA cards
that each control a different cavity, writing an update to the
FPGA every DAQ cycle would cause the system to freeze
up. To mitigate this, the two controllers are updated in an
alternating fashion. This gives the state flow described in
Figure 3.
Figure 3: Block diagram of the implemented algorithm.
The error function defined in Equation 1 is computed
numerically from the in-phase and quadrature signals read
back to the front end, (Equation 3). Here we assume the
cavity has reached a steady state before the arrival of the
beam. Normally the error would be computed relative to
the in-phase and quadrature set-points stored in the LLRF
controller, however, additional terms in the controller and
noise add offsets to the measurements. Therefore, in order
to ensure proper offset subtraction, we use the value in the
data table just before our beam-compensation window as the
set-point.
Itot =
n0+nbeam∑
n=n0
(I[n] − I[n0 − 2])
Qtot =
n0+nbeam∑
n=n0
(Q[n] −Q[n0 − 2])
(3)
Here n0 is the start of the beam-loading compensation
pulse, and nbeam is the length of the beam-compensation
pulse. Additionally, due to the large dynamic range and the
relatively small error signals present in the beam-loading
error measurement we chose not to multiply Equation 3 by
the time step. Because the time step is not changing pulse-
to-pulse it should not change the fundamental behavior of
the algorithm.
BEAM LOADING MEASUREMENTS
Prior to testing the algorithm, we performed several mea-
surements of the beam loading disturbance using the signals
computed in the previous section. These measurements are
important for characterizing the beam-loading and also for
validating our simulations. The first measurement scanned
the phase of an ideal beam-like disturbance driven by the
LLRF system. Figure 4 shows this disturbance as a function
of its drive phase.
Figure 4: Measured beam disturbance from ideal pulse
driven from the LLRF system
Figure 4 shows what one would expect from this ideal
disturbance. The in-phase and quadrature components of
the error signal have the same amplitude and are precisely
90◦ out of phase. Next we measured the beam-loading dis-
turbance from a 5-mA, 50 µs beam as a function of the beam
phase, Figure 5.
Figure 5: Measured beam disturbance
Here we see that the disturbance measured by the beam
does not match that of the ideal disturbance driven by the
LLRF system. Not only are the in-phase and quadrature
components not the same magnitude, but analysis of these
two waveforms show that they are approximately 2.1◦ from
being orthogonal. Put another way, there is 92.1◦ difference
between the two waveforms.
ALGORITHM PERFORMANCE
To test the algorithm we scanned the phase of the beam
relative to the RF by adjusting the reference phase. During
thesemeasurements we recorded the in-phase and quadrature
corrections as well as the integrated errors. The reference
phase was varied from -180◦ to 180◦ in 10◦ increments.
Each phase step was held for a fixed length of time to allow
for the algorithm to converge. This time is referred to as
our convergence window. The phase scan was performed
for two different convergence windows: 15 seconds and 30
seconds. Prior to the phase scan we tested the sensitivity
of the algorithm to noise and settled on 1000 counts as the
maximum error allowable for convergence. The step size
of the algorithm was 150 counts. The final beam-loading
correction for both the 15-second window and the 30-second
window are shown in Figure 6. During this scan the the
cavity was placed at its nominal settings of -90◦ and 85 kV.
Figure 6: Correction as a function of beam phase. The
dashed line is the 30-second window, and the solid line is
the 15-second widow. Note that for the 30-second window,
the final convergence was a bit better than the 15-second
window, resulting in slightly better performance.
Here we see that the shape of the correction in both the
in-phase and quadrature components matches the shape of
the disturbance measured in Figure 5. This indicates that
the algorithm is insensitive the non-ideal nature of the beam
loading for this particular system. While performing the
phase scan we observed that some phases took the minimum
number of steps to converge while others took many steps to
converge. Figure 7 shows an example of a change in beam
phase that took the minimum number of steps, while Figure
8 shows an example of a change in beam phase that resulted
in many oscillations before finally converging.
Figure 7: Demonstration of ideal convergence time with the
adaptive algorithm: in-phase (blue), quadrature (green)
Figure 8: Example of non-ideal convergence time with the
adaptive algorithm: in-phase (blue), quadrature (green)
After investigation of the signals in the LLRF system we
discovered a small amplitude modulation being generated in
the amplifier. This amplitude modulation can create errors in
the local slope calculation leading to oscillations in the feed-
forward correction and therefore decreased performance of
the algorithm.
CONCLUSIONS
We have tested the use of a Newton’s Method based algo-
rithm for beam-loading compensation in a high-impedance
cavity. While in some cases the algorithm converges in the
minimum number of iterations there were some iterations
that took considerably longer to converge due to amplitude
modulation from one of the amplifiers. Here a simple inte-
grator would preform much better. In systems where con-
vergence time is critical, this method could be applied but
care should be taken in the implementation to avoid unstable
behavior due to noise or other disturbances in the RF system.
REFERENCES
[1] F. Pedersen, Beam loading effects in the CERN PS booster,
IEEE Transactions on Nuclear Science, Vol NS-22 No 3, 1975
[2] J. M. Byrd, S. De Santis, J. Jacob, and V. Serriere, Transient
beam loading effects in harmonic rf systems for light sources,
Physical Review Special Topics - Accelerators and Beams,
Volume 5 092001 (2002)
[3] M. Ferrario, A. Mosnier, L. Serafini, F. Tazzioli, and J. M.
Tessier,Multi-bunch energy spread induced by beam loading
in a standing wave structure, Particle Accelerators 1996, Vol
52 pp. 1-30
[4] M.G. Minty, and R.H. Siemann, Heavy beam loading in stor-
age ring radio frequency systems. Nuclear Instruments and
Methods in Physics Research A 376 (1996) 301-318
[5] P. Fafara, W. Jalmuzna, W. Koprek, K. Pozniak, R. Roma-
niuk, J. Szewinski, and W. Cichalewski, FPGA-based imple-
mentation of a cavity field controller for FLASH and X-FEL,
Measurement Science and Technology, 18 (2007) 2356-2371
[6] D. Bussard, Control of cavities with beam loading, IEEE Trans-
actions on Nuclear Science, Vol NS-32 No. 5, 1985
[7] M. Satoh, et. al. Development of a new initial-beam loading
compensation system and its application to a free-electron-
laser linac, Physical Review Special Topics - Accelerators and
Beams, 12, 013501 (2009)
[8] J. Girfffin, Compensation for beam loading in the 400-GeV
Fermilab main accelerator, IEEE Transactions on Nuclear
Science, Vol NS-22 No 3, June 1975
[9] S. Kashiwagi, et. al. Beam loading compensation using phase
and amplitude modulation in ATF, Proceedings of the 2001
Particle Accelerator Conference, Chicago IL.
[10] M. Satoh et. al First beam test of ∆φ - A initial be am loading
compensation for electron linacs, Proceedings of the 2001
Particle Accelerator Conference, Chicago IL
[11] D. Schulte, and I. Syratchev Beam loading compensation in
the main linac of CLIC, arXiv:physics/0008132v1 [physics.acc-
ph], Aug 2000
[12] F. Pedersen A novel RF cavity tuning feedback scheme for
heavy beam loading IEEE Transactions on Nuclear Science,
Vol NS-32 No. 5, Oct 1985
[13] F. Tamura, M. Yamamoto, M. Yoshii, A. Schnase, C. Ohmori,
and T. Uesugi, Digital RF feedforward systems for beam load-
ing compensation in JKJ synchrotrons Proceedings of EPAC
2002, Paris France
[14] F. Tamura, et. al. Multi-harmonic RF feedforward system
for beam loading compensation in wide band cavities of a
rapid cycling synchrotron Physical Review Special Topics -
Accelerators and Beams, 14, 151004 (2011)
[15] S. Liu, M. Fukuda, S. Araki, N. Terunuma, J. Urakawa, K.
Hirano, and N. Sasao Beam loading compensation for acceler-
ation if multi-bunch electron beam train, Nuclear Instruments
and Methods in Physics Research A, 584 (2008) 1-8
[16] E. Vogel, Ch. Gerth, W. Koprek, F. Loehl, D. Noelle, H.
Schlarb, and T. Traber, Beam loading compensation using
real time bunch charge information from a toroid monitor at
FLASH, Proceedings of the 2007 Particle Accelerator Confer-
ence, Albuquerque NM.
[17] Kay-Uwe Kasemir, M. Champion, M. Crofford, H. Ma, Adap-
tive Feed Forward Beam-loading compensation experience
at the Spallation Neutron Source LINAC, Proceedings of the
2005 Particle Accelerator Conference, Knoxvile TN.
[18] I. V. Syrachev, and T. Higo, Numerical investigation of beam
loading compensation in the JLC X-band main linac, KEK
Report 96-8, June 1996
[19] F. Li, and J. Xie, Practical realization of a self-adaptive feed-
forward control system for RF gun beam-loading compensation
Nuclear Instruments and Methods in Physics Research A 407
(1998) 332-337
[20] A. Scheinker, et al. Preliminary study of Advanced LLRF
controls at LANSCE for Beam Loading Compensation in the
MARIE X-FEL in Proceedings of NA-PAC 2016, Chicago IL
[21] V. Lebedev Editor, The PIP-II Reference Design Report June
2015
[22] Functional Requirements Specification - PXIE Feb 2013
[23] J. Steimel, Prototype MEBT Buncher Cavity Test
http://pxie.fnal.gov/PIPIImeetings/MEBT_
BuncherCavityTest.pdf
[24] MATLAB and Statistics Toolbox Release 2016a, The Math-
Works, Inc., Natick, Massachusetts, United States.
[25] Principles of RF linear accelerators, Thomas P. Wangler,
Copyright 1998, John Wiley & Sons, INC.
[26] An Introduction to Optimization, Edwin K. P. Chong and,
Stanislaw H. Zak, Copyright 2013, John Wiley & Sons, INC.
[27] Signal and Linear Systems Analysis with Matlab second edi-
tion Gordon E. Carlson, Copyright 1998, John Wiley & Sons,
INC.
